The biogenesis of the photosynthetic apparatus in developing chloroplasts requires the assembly of proteins encoded on both nuclear and chloroplast genomes 1 . To coordinate this process there needs to be communication between these organelles, and while we have a good understanding of how the nucleus controls chloroplast development, how the chloroplast communicates with the nucleus at this time is still essentially unknown 2 . What we do know comes from pioneering work in which a series of genomes uncoupled (gun) mutants were identified that show elevated nuclear gene expression after chloroplast damage 3 . Of the six reported gun mutations, five are in tetrapyrrole biosynthesis proteins 4-6 and this has led to the development of a model for chloroplast-to-nucleus retrograde signaling in which ferrochelatase 1 (FC1)-dependent heme synthesis generates a positive signal promoting expression of photosynthesis-related genes 6 . However, the molecular consequences of the strongest of the gun mutants, gun1 7 , is unknown, preventing the development of a unifying hypothesis for chloroplast-to-nucleus signaling.
LHCB1.2 after an inhibitory NF treatment 3 and have been the basis for this research for the last 25 years. Of the original 5 gun mutants described, gun2 and gun3 lack a functional heme oxygenase 1 and phytochromobilin synthase 4 , gun4 led to the identification of the Mg-chelatase regulator GUN4 5 , and gun5 was mutated in the H subunit of Mg-chelatase ( Supplementary Fig. 1) 4 . More recently, the identification of a dominant gun6 mutant with increased FC1 activity 6 led to the proposal that heme synthesized by FC1 is either the signal itself, a precursor of the signal or is required to generate the signal. However, very little progress has been made in further elucidating the signaling mechanism or in establishing whether this is the only biogenic retrograde signal. One barrier to tackling this problem is that the gun1 mutant 7 , has been suggested to act independently from the tetrapyrrole-mediated GUN signaling pathway 4,11,12 . The GUN1 protein is a pentatricopeptide repeat (PPR) protein with a small MutS-related (SMR) domain 7 . The function of GUN1 is unknown, but it has been proposed to have a role in plastid protein homeostasis [13] [14] [15] [16] , and can interact with proteins involved in both plastid protein synthesis and the tetrapyrrole pathway 13 To further explore the interaction of GUN1 with tetrapyrrole biosynthesis, we first tested whether GUN1 could alter the flow through the tetrapyrrole pathway 17 ( Supplementary Fig. 1 ). Fig. 1a shows that feeding the precursor 5-aminolevulinic acid (ALA) to two gun1 mutant alleles resulted in increased accumulation of protochlorophyllide (Pchlide) compared to wild-type (WT), while seedlings overexpressing GUN1 13 had reduced accumulation of Pchlide (Fig. 1a ). As ALA synthesis is the rate-limiting step in the pathway, one possibility to explain the altered Pchlide levels is that GUN1 is leading to a redistribution of tetrapyrrole to the heme branch. However, analysis of heme levels in dark-grown seedlings showed that gun1-1 had more heme and GUN1ox lines had less heme than WT (Fig. 1b) indicating that GUN1 is impacting on flux through both branches of the pathway. Such a conclusion is consistent with the observation that gun1 can rescue the reduction of heme caused by the sig2 mutation 10 . Next, we tested whether overexpression of GUN1 also resulted in increased sensitivity to NF. As shown in Fig. 1c , both GUN1ox lines showed a stronger response to NF for HEMA1 and LHCB2.1 expression than WT seedlings, while, as expected, gun1 rescued gene expression very strongly. Together these results show that altering GUN1 levels affects tetrapyrrole metabolism and that these changes correlate with changes in nuclear gene expression.
Previously, it was shown by yeast two-hybrid analysis that GUN1 could interact with four tetrapyrrole biosynthesis enzymes including ferrochelatase 1 (FC1) ( Supplementary Fig. 1) 13 . Although two FC isoforms are present in the Arabidopsis genome, GUN1 interaction was specific to FC1 and since an increase in FC1 activity is associated with increased nuclear gene expression in the gun6 mutant 6 , we hypothesized that GUN1 may affect FC1 activity. To test this possibility, we attempted to express both GUN1 and FC1, but failed to express full-length GUN1 protein ( Supplementary   Fig. 2a, b ). Prediction of the secondary and tertiary structure of GUN1 suggested a highly disordered domain in the N-terminal region ( Supplementary Fig. 3 ), which may destabilize the GUN1 protein. Removal of this N-terminal domain allowed us to obtain GUN1 protein containing PPR and SMR motifs (GUN1-PS; Supplementary Fig. 2 ). We also expressed recombinant Arabidopsis FC1 as a glutathione-S-transferase (GST) fusion protein. The obtained GST-FC1 showed enzyme activity as measured by an increase in Zn-protoporphyrin (ZnProto) fluorescence ( Fig. 2a) 18 . We then evaluated the effect of GUN1-PS on the ability of FC1 to catalyze Zn-chelation. The addition of GUN1-PS to FC1 enhanced the Zn-chelatase activity linearly with increasing concentration of GUN1-PS ( Fig. 2a ). In comparison, the same concentration of BSA had only a slight effect on activity, suggesting GUN1-PS did not merely stabilize FC1 ( Fig. 2a ). GUN1-PS itself had no Zn-chelating activity. Analysis of Michaelis-Menten kinetics revealed that addition of GUN1-PS decreased KM values from 26.5 µM to 4.5 µM ( Fig. 2b ), suggesting GUN1-PS stimulated Zn-chelatase activity by enhancing substrate affinity for FC1.
It has previously been shown that GUN4 can enhance Mg-chelatase activity by directly binding Mg-protoporphyrin (MgProto), the product of this reaction 5 . To examine whether a similar stimulating mechanism is employed in GUN1-dependent enhancement of FC1 activity, we tested the ability of GUN1-PS to bind heme using hemin-agarose beads. As shown in Fig. 3a , GUN1-PS demonstrated hemin-binding activity. To identify domains required for hemin binding, a series of truncations were constructed (Supplemental Fig. 2a ) and tested for hemin binding (Fig. 3b ). GUN1 proteins containing the PPR motifs (PPR1 and PPR2) showed significantly more hemin binding than those containing only the SMR motifs (SMR1 and SMR2). During the heme-binding assay, we observed that the colour of the hemin solution changed upon GUN1-PS binding ( Fig. 3c inset), suggesting that changes in the hemin spectrum had occurred on binding. Spectrophotometric analysis showed that the GUN1-hemin complex exhibited a red shift of the Soret band and Q-band peaks compared to unbound hemin, consistent with specific binding (Fig. 3c ). To determine the affinity of GUN1 for hemin, GUN1-PS was incubated with increasing hemin concentrations and binding determined by differential spectrophotometry (Fig. 3d ). The increase in absorbance of the shifted Soret peak was plotted against porphyrin concentration ( Fig. 3e ) and a dissociation constant (KD) for the binding of GUN1-PS to hemin was estimated to be 6.08±1.11 µM using non-linear regression analysis and assuming a one-site binding model. This value sits within the range measured for a variety of heme-binding proteins 19 . Similar analyses for GUN1 binding to other metal-porphyrins resulted in estimated KD values for MgProto and ZnProto of 8.65±1.80 µM, and 3.10±0.86 µM, respectively ( Supplementary Fig. 4 ). Thus, GUN1-PS has similar binding affinities for all three metal-porphyrins.
Finally, to test whether GUN1 can bind to hemin in plant extracts, we constructed Arabidopsis lines expressing FLAG-tagged GUN1 under the control of its own promoter in the gun1-102 mutant background (lines A3022 and A3026). As a control we also expressed FLAG-tagged GUN5 (line cchZ 3-17) in the cchZ GUN5deficient mutant 20 . The gun1-102 phenotype was complemented by GUN1 expression with de-repression of LHCB1.2, RBCS1A and CHLH expression by Lin rescued in these lines ( Supplementary Fig. 5 ). Since GUN1 accumulates detectable levels only at very young stages of leaf development 16 , proteins were extracted from 4-day-old seedlings and subjected to the hemin binding assay ( Fig. 3f ). FLAG-tagged GUN1 was observed in the fraction bound to hemin, while the GUN5 protein, which also binds porphyrins 21 , was not. Thus, the binding of GUN1 to hemin shows specificity.
Our results suggest that GUN1 has two, likely independent functions, in modifying tetrapyrrole metabolism ( Fig. 4 ). Firstly, it was able to restrict flow through both branches of the tetrapyrrole pathway such that feeding ALA resulted in reduced accumulation of both Pchlide and heme in dark-grown seedlings. The mechanism for this restriction is unknown but may be related to the observation here that GUN1 can bind metal-porphyrins and/or that it can interact with the tetrapyrrole enzymes porphobilinogen deaminase and uroporphyrinogen III decarboxylase 2 that catalyze shared steps in the tetrapyrrole pathway 13 . GUN1 is not a very abundant protein 16 and it is unlikely that any restriction of the flow of tetrapyrroles is due to sequestration.
Rather, we propose that the mode of action of GUN1 is regulatory. Moreover, the rapid degradation in the light 16 would permit an increased flow of tetrapyrroles at a time when the demand for photosynthetic tetrapyrroles, both heme and Chl, is at its greatest.
The second molecular function of GUN1 identified in this study, is the enhancement of FC1 activity through a more than 5-fold reduction in KM (Fig. 2) . It is likely that GUN1 stimulates FC1 activity through enhancing substrate affinity in a similar way to GUN4 enhancement of Mg-chelatase activity 5 . However, it should be noted that GUN1 product binding is more than 10-fold weaker than GUN4 (KD value for Mg-deuteroprotoporphyrin binding to GUN4 is 0.26 µM 5 ). The control protein used for this assay, BSA, also binds heme 22 , and thus enhancement of FC1 activity by GUN1 is quite specific. Nevertheless, this result was surprising given that GUN1ox lines showed reduced heme levels and it is probable that GUN1-dependent FC1 stimulation does not reflect the total heme content. We did not test whether GUN1 could also promote FC2 activity, but given that the interaction of GUN1 is specific for FC1 13 this is not likely. To understand why GUN1 restricts tetrapyrrole synthesis, but promotes FC1 activity will take more detailed analysis of heme metabolism in young seedlings.
However, one possible explanation is that GUN1 enhances FC1 activity to ensure a supply of heme to the rest of the cell under conditions in which tetrapyrrole synthesis is maintained at a low level (i.e. before the demand for photosynthetic tetrapyrroles). Once seedlings move to the light, the flow through the tetrapyrrole pathway is greatly increased through transcriptional upregulation of tetrapyrrole synthesis genes 23 . This would negate the need for GUN1 to promote FC1 to ensure a sufficient cellular heme supply and degradation of GUN1 would redress the balance between FC1 and FC2 to favour FC2 activity required to synthesize photosynthetic hemes 24 .
The observations presented here demonstrate that GUN1 alters tetrapyrrole metabolism ( Fig. 4 ) and therefore that all described gun mutations affect this pathway.
This observation therefore supports a model in which tetrapyrroles are mediators of a single biogenic retrograde signal during de-etiolation. The prevailing model is that FC1dependent heme synthesis is required to generate a positive signal 6,25 . Our observations on the restriction of heme synthesis by GUN1 in seedlings are consistent with this model as it would be expected to result in more flow through FC1. However, the demonstration that GUN1 enhances FC1 activity does not appear to support it and may require the development of a new hypothesis. One scenario that could reconcile these two observations is if the restriction of tetrapyrrole synthesis by GUN1 was a more significant effect than enhancement of FC1, such that overall there was still less FC1dependent heme in the presence of GUN1 than in its absence. Our own data showing that heme levels were reduced overall in GUN1ox lines do support such an interpretation. Alternatively, it is possible that binding of FC1-synthesized heme by GUN1 blocks release or propagation of the retrograde signal. In this case, GUN1 degradation in the light would ensure an increased signal to promote further chloroplast protein synthesis for continued development and the supply of new chloroplasts.
Methods

Plant material and growth conditions
Arabidopsis thaliana wild type (WT), the mutants gun1-1, gun1-102 7 , gun1-103 26 , and the GUN1ox lines 13 
Pchlide measurements
Pchlide levels were measured from 4-d old dark-grown seedlings. Seedlings were harvested into liquid nitrogen under green safe light, covered with foil and stored at -80°C until required. Seedlings were ground under green safe light in a mortar and pestle on ice with 2 x 400 µL cold alkaline acetone solution (acetone: 0.1 M NH4OH; 9:1 (v/v)). Samples were vortexed briefly and centrifuged at 16,000 x g for 5 min at room temperature. Supernatants from two sequential extraction steps were collected and Pchlide levels were measured using a fluorescence spectrophotometer F-2000 (Hitachi High-Tech, Japan). Pchlide emission for the peak at ~636 nm following excitation at 440 nm was recorded.
Heme detection by chemiluminescence
Total non-covalently-bound heme measurements were performed following the protocol 27 Laemmli sample buffer containing 4% (v/v) b-ME, and heated for 5 min at 100°C before loading onto SDS gels. Proteins were transferred by western blotting to HyBond ECL membrane (GE Healthcare) and detected using anti-HisTag (MBL Life Science, Nagoya, Japan) and anti-DYKDDDDK (Fuji Film Wako) antibodies for the recombinant and in planta GUN1 proteins, respectively.
Ferrochelatase assay. FC1 activity was measured by Zn-chelating activity as described previously 18 . The reaction mixture contained 10 µM protoporphyrin IX, 50 µM ZnSO4, and various ratios of GST-FC1 and GUN1-PS proteins in a total volume of 100 µL. The reaction was started by adding protoporphyrin IX solution, and was carried out at 30°C for 10 min, and then stopped by addition of 900 µL acetone. After centrifugation at 10,000 x g for 5 min, fluorescence emission spectra of the cleared supernatant were recorded between 550-650 nm with excitation at 420 nm in a FP-6200 fluorescence spectrometer (JASCO, Tokyo, Japan). Non-enzymatic formation of Zn-Proto formation was verified with denatured controls.
Absorbance spectroscopy. Metal-porphyrin (hemin, MgProto, ZnProto) solutions were prepared by solubilizing in DMSO, followed by dilution in 20 mM Tris-HCl, pH 8.0.
For assays, 10 µM GUN1-PS protein was subjected to UV-visible absorbance spectroscopy at room temperature in a Ultrospec 2100 pro spectrophotometer (GE Healthcare Bioscience) using 20 mM Tris-HCl buffer as a reference. Spectra were recorded between 350 and 650 nm using a 1 cm path length cuvette, with a metal porphyrin concentration range of 0-25 µM. Difference spectra were obtained by subtracting the metal-porphyrin spectrum from that of the protein-metal porphyrin complexes. Emerging peaks in the Soret region corresponding to metal-porphyrin-GUN1-PS complexes were plotted. Quantitative analysis of peak emergence was used to determine KD values for metal-porphyrin binding assuming one-site ligand binding model as described 29 . Titration data were analyzed using non-linear regression (OriginPro8 software; OriginPro Corporation, Massachusetts, USA).
Circular dichroism (CD) spectrometry. CD spectra were measured in a JASCO J-805 spectropolarimeter (JASCO, Tokyo, Japan) at 200-250 nm with a quartz cuvette of 1 mm path length at 25°C (controlled by a thermostat circulating water bath). Analysis was performed using recombinant GUN1-PS proteins obtained during the serial dilution of urea at a protein concentration of 0.2 mg/mL.
RNA extraction and gene expression analysis by RT-qPCR
RNA extraction and RT-qPCR analysis was performed as described previously 30 Supplementary Table S2 .
Construction of GUN1-FLAG lines.
The endogenous promoter region of GUN1 (ca. Supplementary Table 1 ) from Col genomic DNA using PrimeStarMax (Takara Bio, Kusatsu, Japan) and inserted in HindIII-XbaI digested pGWB511 31 by the SLiCE method 32 to give p511G1pro. GUN1 cDNA was reverse transcribed using total RNA isolated from Col with Transcriptor High Fidelity (Sigma-Aldrich, Tokyo, Japan). GUN1 cDNA (ca. 2.8 kb) was amplified using G1f and G1r primers, and cloned into pENTR-D-TOPO vector to give pENTR-D-GUN1 (Thermo Fisher, Tokyo, Japan). p511G1pro was digested with XhoI, purified, and subjected to the Gateway LR reaction with pENTR-D-GUN1 to give p511G1pro-GUN1. p511G1pro-GUN1 was introduced to Agrobacterium strain GV3101(MP90) and used for transformation of gun1-102. The expression of GUN1-FLAG was confirmed by qPCR and western blotting using an anti-DYKDDDDK antibody (Fuji Film Wako, Osaka, Japan).
kb) was amplified with P1 and P2 primers (see
Plasmid constructions and expression of recombinant proteins. For in vitro
translation and transcription experiment, full-length GUN1 cDNA (At2g31400) and After centrifugation at 10,000 x g for 10 min, the supernatant was used directly in the ferrochelatase assay. Under these conditions, FC1 activity is no longer promoted. The increased tetrapyrrole flux ensures a sufficient supply of substrate to FC1 to supply heme to the rest of the cell. c, In dark-grown gun1 mutants tetrapyrrole synthesis is greater than in a wild-type seedlings and will continue to be during early stages of de-etiolation.
Figure legends
Supplementary Fig. 1 Tetrapyrrole biosynthetic pathway
A simplified schematic of tetrapyrrole biosynthesis in higher plants. Arrows indicate enzymatic steps; the proteins and genes involved are indicated to the right of the arrow.
Boxed proteins and genes indicate the steps that result in a gun phenotype when blocked. Dashed lines indicate proteins that showed interaction with GUN1 in a yeast 2hybrid analysis . Supplementary Fig. 2 Supplemental Table 1 Primer sequences used in this study 
